Introduction
Scientific studies of Chinese porcelain through ele mental or compositional analysis can be divided into two types: (a) Analysis of major and minor chemical constituents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and (b) Analysis of trace elements [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Such studies include the identification of an tique Chinese porcelains according to the period or dynasty; the variation of silica, alumina, potassia, etc. as a function of time; the development of glaze types from lime glazes to lime-alkali glazes and finally to high-silica glazes.
In this paper we consider 69 pieces of greenware from seven famous sites: Yue ware, Longquan ware and Southern Song Guan ware in Zhejiang province; Ru ware and Jun ware in Henan province; Yaozhou ware in Shaanxi province; and Ge ware whose loca tion of production is still incertain. Figure 1 gives their geographical location. We first discuss briefly famous greenwares, and then we do provenance studies of these wares by the application of principal component analysis using the published concentration data of the major and minor chemical constituents (SiOz, A120 3, Fe20 3, CaO, M gO, K 20 , N a20 , and T iOz) of these 69 pieces.
Reprint requests to Prof. Dr. C. T. Yap, Department of Physics, National University of Singapore, Lower Kent Ridge Road, Singapore 0511.
Famous Chinese Greenwares
Greenware is a generic term for a broad class of ceramic whose colour is given by iron oxide which is present in varying amounts from 1% to 5%; yellower or browner colours are given by ferric oxide while greener or bluer colours by ferrous oxide. Oxidising atmosphere would produce the iron oxide in its ferric state while reducing atmosphere would change the oxide to its ferrous state. The use of large dragon kilns excludes the possibility of controlling an even temper ature throughout the kiln; thereby wares from the same firing can have a range of colours. Table 1 gives the chemical composition of the 69 pieces of greenware bodies which are taken from the publications of Li Guozhen and Guo Yanyi [3] , Guo Yanyi et al. [23] and Zhang Fukang [24] . These data were obtained by the conventional method of wet chemical analysis, which yields quite accurate results and has been described in detail in [3, 23, 25] .
(a) Yue Ware
Yue ware, made in northern Zhejiang province in the general area around Hangzhou, has a long history from the second or third century to the tenth century. The earliest discovered Yue kiln centre is Deqing, which is about 25 miles north of Hangzhou. Produc tion of greenware is presumed to date from Eastern Han (AD 25-220) and continued into the Six Dynas ties (AD 220-589). Other kiln sites are south and south-east of Hangzhou and are listed in increasing distance from H angzhou as follows: Xiashan, Jiuyan, Shaoxing, Shangyu, Yuyao, Shanglinhu, and N inpo. Two m ajor kiln sites at Jiuyan and Shangyu, respec tively 30 miles and 100 miles south-east of Hangzhou, were in operation from Eastern H an until the sixth century or soon after. At Shanyu. the dragon kilns established became the standard type for southern Chinese kilns up to the M ing dynasty (1368-1644). K ilns at Shanglinhu and Yuyao were in operation during the Tang dynasty (618-906) but the finest wares were made during the Five Dynasties (907-960). Evi dence indicates that Shanglinhu produced the original m i se (secret colour) Yue ware which attained a new importance for its high quality, beauty and jade-like appearance. Soon after early Song (960-1280), the kilns producing Yue ware rapidly declined.
(b) Longquan Ware
The decline of Yue ware saw the rise of greenware production in hundreds of kilns in the Longquan re gion in south western Zhejiang province. Longquan kilns have been investigated since 1949. The principal ones were at Dayao, Zhukou, X ikou and Jincun, with Dayao situated about 25 miles southwest of Longquan producing the best quality and operating for the longest period. Extremely large volumes of greenware were produced by these kilns during South ern Song (1128-1279), Yuan (1260-1368) and M ing (1368-1644) dynasties both for home use and for ex port to as far as Istanbul, Cairo, a nd South Africa. In general, the later pieces are larger and heavier, with occasional elaborate decoration while the earlier pieces are smaller and simpler w ith little or no decora tion. From Table 1 , Longquan pieces have a higher content in alum ina and potassia but a lower silica content than Yue pieces.
(c) Southern Song Guan Ware
W ith in a decade or two of Southern Song transfer ring the capital to H angzhou in 1127, pottery kilns were set up near the Palace to produce G u a n ware for the Song court. F rom ancient records, Southern Song G ua n kilns were in two locations [26] . The one located at the foot-hill o f Feng-huang in H angzhou was know n as internal k iln and the wares know n as XiuNei-Shi K u an ware. However, the actual location for this kiln has n o t been discovered. The other k iln was located in W u G u i H ill, northeast o f a place know n as Southern Song A ltar (now know n as Ba G ue Tian). Therefore it was know n as A ltar G u a n k iln, w hich was b u ilt in 1132 [27] . This kiln site was discovered in 1956 by the Zhejiang Province Culture Relics Adm inistra tive Committee. Though undecorated, G u a n ware had great appeal w ith its fine thin body and thick crackled glaze, like "the claw marks of crabs" left on the sand. G u a n ware had a thick glaze of between two to five coats of glaze and the firing was done in a reducing atmosphere.
(d) R u Ware R u wares were produced only for the imperial palace and have lo ng been regarded as the acme of Song ceramics. They are "rare as stars at dawn". Pre sumably, they were produced for only about forty years and came to an abrupt end in 1127 when the N orthern Song (96-1127) evacuated Kaifeng in H enan and moved to H angzhou. Recently, the R u kiln site was discovered at Baofeng Q ingliangsi in central Henan. R u ware is characterised by a yellowish body, thick unctuous glaze w ith no decoration. The base is covered w ith glaze and has three or five oval marks left by the spurs. Fish scale crackle is another charac teristic of R u products. 
(e) Jun Ware
Jun ware spread from Ju ntai which is in Xuxian in Henan province. In 1971, the Henan-Province M u seum conducted extensive excavations at Ju n tai with the discovery of over a thousand ornate specimens. The m ain kiln centres for Jun ware from Northern Song were in Henan, southwest of Kaifeng, m ainly around Yuxian and Linru, where the finest Jun wares were produced by late Northern Song. However Ju n kilns were scattered widely. Jun wares are thickly glazed with ash glaze whose calcium oxide content is high. The bodies are also thick and strong, hence the widespread use in ordinary households during the Song and Jin dynasties. By early twelfth century, cop per oxide was introduced to produce splashes of red or purple of indeterminate design, often seen in bubble bowls and jars. By the Yuan dynasty, the glaze has become duller w ith coarser grains.
( / ) Yaozhou Ware
By late Tang, Yaozhou wares were produced in H uangbao near the town of Tongchuan in Shaanxi province and is about 70 miles north of Changan, the capital of the Tang dynasty. A lthough white, black and green wares were produced, greenware produc tion dominated from the beginning of Song so much so that Yaozhou ware came to mean greenware. They are typically olive in colour and are characterised by thin deeply carved designs which first appeared in the tenth century. However, badly controlled reduction leads to duller colours of m uddy brown. M oulding was introduced in the twelfth century, but owing to the deep cuts in the mounds, the finished product had the appearance of being carved. Yaozhou ware began to decline after the Song emperor moved south to H angzhou.
(g) Ge Ware
D uring the Song dynasty, the five great wares of C h ina have generally been taken as D ing, Ru, Jun, G uan, and Ge wares. Although Ge kilns have not been discovered, it seems that they should be in southern Zhejiang, presumably around Dayao. G e ware could not be the same as Southern Song G u a n ware made in H angzhou, and this is clear from our studies. Ge means "elder brother". I t can be divided into two types: Longquan G e and "Handed-down" Ge. The difference is that the former has a thin body whereas the latter has a thick body. The ware was made with dark rim and iron foot, and the crackle was like "fish eggs" in thick glaze. There are indications that Ge ware was a Yuan dynasty product.
Principal Component Analysis
The objective o f principal component analysis is to take m ultiple variables (in this case, the concentra tions of the oxides of 8 m ajor and m inor constituents: S i0 2, A120 3, Fe20 3) C aO , M g O , K zO , N a 20 , and T i0 2) and find linear combinations with principal component 1 having the largest variance, principal component 2 the second largest variance and so on. Therefore if the data are highly correlated positively or negatively, we can reduce the number of dimen sions drastically from 8 to 2 or 3 depending on the data, since in general there is a good deal of redun dancy in the original variables, as most of them are measuring sim ilar things.
For porcelain bodies, the concentrations of the ox ides of 8 m ajor and m inor constituents measured on 69 samples from seven wares (Yue = 10, Longquan -18, G e = 9, Southern Song G uan = 7, Henan (Ru, Jun, etc.) = 16 and Yaozhou = 9), form a data matrix X (N * M) where x nm is the value o f the concentration of compound m measured on sample n. The mean xm and standard deviation sm of the concentration of each compound are given by:
Jy -1 ,s=l
To avoid the concentration of any compound from having too m uch influence on the principal compo nents, the data were auto-scaled to have zero mean and un it variance:
The principal components P are calculated [28] as linear com binations of the original variables (concen trations of compounds) such that the first principal component has the largest variance, the second princi pal component has the second largest variance and is orthogonal to the first, and so on. This is expressed as
Pnk ~ Znm m -l
where Pnk is the value of the kth principal component for sample n and vmk the mih term of the k ih eigenvector of the (M x M ) correlation matrix.
Results and Discussion
Principal component analysis was performed on the 69 pieces of greenware bodies using the eight m a jo r and m inor constituents: S i0 2, A120 3, Figure 2 is a plot o f principal components 1 and 2 for the 69 pieces of greenware bodies using the eight chemical constituents: S i0 2, A120 3, Fe20 3, C aO , M gO , K 20 , N a 20 , and T i0 2. I t is interesting to note that wares from northern C hina such as those from Shaanxi province (Yaozhou ware) and H enan prov ince (R u ware, Ju n ware etc.) are located on the lower h a lf o f the plot whereas wares from southern C hina such as those from Zhejiang province (Yue ware, Longquan ware and Southern Song G uan were) are located on the upper h a lf of the plot. This is pre sumably due to the largest coefficients (for K 20 and T iO z) of (6) having a dom inant effect on the second principal component p n2. Since the value of the coeffi cient is positive for K 20 and negative for T i0 2, we can conclude that greenware bodies made in southern C hina have a higher percentage of K zO and a lower percentage of T i0 2 than those made in northern China: this is also obvious from Table 1 , indicating the use o f rather different raw materials in Southern and Northern China. In general, Southern China is rich in porcelain stones, and porcelain bodies have a higher content of silica, while Northern C hina is rich in clay, and porcelain bodies contain more alumina. the use of rather sim ilar materials in greenware pro duction in northern China. However, Table 1 shows that Yaozhou wares in general have higher silica con tent and lower alum ina content than those from Henan province. By (5), Yaozhou wares should be located more to the right of the plot, as is the case in Fig. 2 , which shows that only three Yaozhou pieces overlap with those from Henan province. This in d i cates the use of similar but different raw materials which are m ainly clays. In Table 1 , pieces indicated as L inru should be clas sified as Ju n ware, and this also applies to those in d i cated as Henan, since recent archaelogical excavations indicate that places like Baofeng and Anyang also produced Ju n ware. In Fig. 2 , the Henan piece LR-4 falls far away from the group due to the extremely high N a zO value of 1.23%. We feel that this is a mistake because the total becomes 101,01 % . We think the value should be 0.23% , which would then give an acceptable total of 100.01%, and LR-4 would then be w ithin the Henan group.
(b) Wares from Southern China
As noted above, wares from southern C hina are located on the upper h a lf of the p lo t in Figure 2 . Leav ing the discussion o f Ge ware below, Fig. 2 shows that Yue ware, Longquan ware (white body), Longquan ware (black body) and Southern Song G u a n ware are all well segregated from one another. Yue wares have the highest silica content (75-78% ) and the lowest alum ina content (14-18% ) and therefore are located at the extreme right of Fig. 2 , in accordance with (5) .
From Table 1 , we see that Yue ware has higher silica content and lower alum ina content as compared with the others. Com position variation is small from East ern H an to N orthern Song. Therefore, during these historical periods, porcelain stones were used as raw materials to make greenware bodies.
I t is interesting to note that L ongquan ware (white body) and Longquan ware (black body) are well segre gated into two groups, w ith the latter falling on the left most region o f Figure 2 . This is due n o t only to the PERCENTAGE OF S i0 2 lower silica content and higher alumina content but also to the much higher iron content, so that the rather large negative coefficient ( -0.42) of Fe20 3 in (5) pushes the location of the Longquan (black body) pieces to the far left of the plot. The difference between white and black body could be due to the addition of purple clay which has a higher iron and alumina con tent and a lower silica content than porcelain stone which is the main raw material used.
The location of Southern Song Guan ware in the upper half of the plot in Fig. 2 is as expected, since the production centre is Hangzhou in Zhejiang province of southern China. With the transfer of the capital of Northern Song from Kaifeng in the north to Hangshou, the technologies of Northern Song persist to some extent in Southern Song Guan ware. Therefore purple clays, which were also present in Zhejiang, were added to porcelain stones for the production of Southern Song Guan ware. One piece of Southern Song Guan (W J10) falls into the Ge group or the Longquan (block body) group, presumably due to a mistaken attribution owing to the similarity between Ge ware and Guan ware.
(c) Ge Ware Although Ge kilns have not been found, present indications are that they should be in southern Zheji ang province, probably around Dayao, which is about 25 miles southwest of Longquan. This suggestion is strengthened by our analysis which shows appreciable overlap between Ge ware and Longquan ware (black body) with similar iron content. Figure 3 shows a plot of the percentage of K 20 against that of S i0 2 for all the 69 pieces under investigation. The almost com plete overlap between Ge ware and Longquan ware (black body) again confirms the location of Ge kilns in the Longquan region.
